Adsorption compressors are an emerging technology used to compress a gas stream with low grade heat 8 which is of interest for the next long term extra-planetary bases. An analysis of thermodynamics of 9 multicomponent gas/vapour mixtures compression with a thermally-driven adsorption bed is reported. In this 10 unit a multicomponent stream is firstly adsorbed and secondly compressed by heating a bed at closed 11 volume. The analysis is based on adsorbed solution theory applied to closed vessels where the composition 12 and pressure of the bulk gas phase depends on temperature and volume of the whole system, leading to an 13 isochoric-isothermal flash problem. Analysis of both an ideal and non-ideal adsorption compressor shows 14 that the ideal approach is conservative, resulting in lower compression ratios at higher energy consumption. 15 16
Introduction 20
The recent development of highly selective adsorption materials have enabled their integration in a number 21 of traditional technologies, resulting in advanced processes demanding a sensibly lower energy consumption 22 delivered at lower temperatures than their traditional counterparts [1] [2] [3] . A partial list of cases is included in 23 Table 1 . All these new technologies include a fundamental component that is the adsorption bed, which can 24 be structured in numerous different shapes depending on the regeneration strategy [4] [5] [6] [7] . 25 26 Adsorption is the favourite method to produce a compressed gas in space applications because it does not 32 have moving parts, requiring virtually no maintenance, and does not generate vibrations. The carbon dioxide 33 removal system is the upstream process of the Sabatier reaction, which will be used in extra-terrestrial bases 34 for the production of water. As demonstrated elsewhere [19, 20] , the standard operating conditions to drive 35 the Sabatier reaction towards higher CO 2 conversion are temperature ranging between 250-400°C and 36 pressure of reagents greater than 130 kPa. So, compression of CO 2 from 20 kPa (Mars atmosphere) to 130 37 kPa (Sabatier reaction pressure) is required, resulting in a minimum compression ratio of 6.5.
38
In this technology, compression is performed through a change in the bed temperature at closed volume. The 39 operational steps of an adsorption compressor can be scheduled as: 40 1) Adsorption step: the adsorption bed is kept isothermal and is fed with the inlet stream at constant 41 pressure and temperature. 42
2) Heating step: the bed is heated at constant volume. The new equilibrium state after heating results in 43 a partition of the components between bulk gas phase and adsorbed phase at a bulk gas phase pressure higher 44 than the initial pressure during the feeding. The pressure increase is mainly because of the release of material 45 from the adsorbed phase to the bulk gas phase. The composition and the level of pressure in the bulk gas 46 phase depend on the final temperature, volume available for the bulk gas phase, mass of adsorbent and total 47 amount of moles in the enclosure. 48
3)
Supply step: the outlet valve is open with a decrease in pressure and a variable flow of material is 49 discharged.
50
Thus, adsorption compressors are thermally-driven compression systems adopting adsorption materials and 51 operating according to temperature swing adsorption processes. An early thermodynamic analysis for 52 adsorption of pure fluids has been presented in [21, 22] but no thermodynamic basis has been provided for 53 the adsorption compression of a multicomponent mixture to date and some units such as the air revitalization 54 module of the International Space Station (ISS) have been designed on the basis of simplifying assumptions, 55 refining the performance in successive, trial and error steps. The air revitalization unit of the ISS uses 56 zeolites 5A and 13X which adsorb significant amounts of carbon dioxide and nitrogen. This aspect has been 57 addressed, at the design stage, by oversizing the mass of required material with a safety factor [22, 23] . The 58 present work provides a tool for consistent thermodynamic investigation of adsorption compression of 59 multicomponent gas mixtures.
60
The fundamental calculation for adsorption compression is the isochoric-isothermal flash (VT flash). VT 61 flash in bulk gas/adsorbed phase equilibria has been already formulated by minimization of the Helmholtz 62 energy of the system [24] . In this work we show that the well-known Rachford-Rice system of equations can 63 be also applied to adsorption equilibrium after appropriate modifications.
64
For sake of clarity, at first an ideal ternary mixture in equilibrium with an ideal adsorbed solution [25] is 65 evaluated. The aim is to provide the thermodynamic framework for the simple ideal case. Secondly, a non-66 ideal ternary mixture is considered using the Soave-Redlich-Kwong (SRK) equation of state for the 67 description of the bulk gas phase and a Gibbs excess model for the adsorbed phase. This is aimed to show the 68 differences between an ideal and non-ideal formulation.
69
Since no experimental multicomponent equilibrium data are presently available for this problem, the 70 thermodynamic consistency of the results is validated through the common tangent plane approach for 71 adsorption derived in [26] . The last section of this work is devoted to the performance analysis of ideal and 72 non-ideal compressors. 73 74
Ideal isothermal-isochoric flash for adsorption 75
The ideal case includes an ideal bulk gas phase in equilibrium with an ideal adsorbed solution. The pressure 76 and compositions in the new equilibrium state can be calculated considering the usual method based on the 77
Rachford-Rice equations system [27], once a number of additional conditions arising from the adsorbed 78 solution theory are provided [28] . The resulting system of equations for NC components is: 79
Eq. (1) 
Usually the parameters involved in eq. (10) are omitted in equilibrium measurements. This work assumes the 94 values reported in Table 2 . Although the values of Table 2 do not perfectly correspond to the experimental 95 equilibrium data used for single isotherm parameters regression, they lay in the average range commonly 96 assumed for this kind of materials.
97
The system of eqns (1-9) can be reduced in a straightforward way to only two equations by substitution of 98 variables, holding the final variables P bulk and reduced grand potential ψ eq . The equivalent two equation 99 system includes eq. (1) and eq. (9). 100 101 102 Eqns (1-9) can be effectively solved by the Newton numerical method without any issue on the estimation of 103 the best initial guess. That is because the system has always only one solution in the physically meaningful 104 domain P bulk >0 and ψ eq >0. In order to show this feature for the ideal problem, the Nitrogen/Oxygen/Argon 105 ternary system adsorption on zeolite 5A has been considered, using the Langmuir isotherm with parameters 106 reported in Table 3 . 107 108 Fig. 1 illustrates the solution of the system composed by eq. (1) and eq. (9). In the physically meaningful 110 region, the two functions intersect only in one point. The same equilibrium compositions are confirmed by 111 the common tangent plane of Gibbs energy of mixing (Fig. 2) . The presence of a common tangent plane of 112 the Gibbs energy of mixing at the equilibrium point of Table 4 validates the thermodynamic consistency of 113 the solution. In Table 4 it can be noted that while the bulk gas phase composition is very different from the 114 feed, being enriched by oxygen and argon which are the less strongly adsorbed components, the adsorbed 115 phase composition is close to the feed, being slightly richer in nitrogen over the other components. 
The non-ideal isothermal-isochoric flash 130
In the non-ideal formulation fugacity and activity coefficients respectively for the bulk gas phase and the 131 adsorbed phase are considered [33] . Based on the experimental measurement reported in [34], the ternary 132 mixture Methane/Nitrogen/Carbon Dioxide on activated carbon Norit R1 Extra at 298 K and high pressure is 133 analysed. Single component adsorption experimental data were fitted using the Unilan isotherms, 134 considering the absolute adsorbed amount versus fugacity, resulting in the parameters of Table 5 . 135 136 
Eq. (11) 
Excess Gibbs energy model for the adsorbed phase 150
The adopted activity coefficient model is the ABC equation [38] . At constant temperature, it proposes the 151 following expression for the excess Gibbs energy: 152
Its application requires the preliminary regression on the experimental data of binary systems of the binary 154 interaction parameters A 0,ij and C ij at constant temperature. The results of the regression on the binary 155 experimental data in [34] are reported in Table 6 . 156 157 
where N is the total amount of moles adsorbed. According to the definition of eq. (15), for a ternary system, 161 the activity coefficients result in: 162 
To take into account the non-idealities both in adsorbed and bulk gas phase, eqns. (6) and (7) This feature makes the system of equations larger and more nonlinear than the ideal case. Furthermore, in 186 order to have consistency between the number of equations and the number of variables, for a three 187 components mixture, three isofugacity condition equations and conservation of moles equation for one of the 188 components must be included.
189
The Newton method can again effectively solve this problem, providing an initial guess reasonably close to 190 the actual solution, e.g. assuming a value of 1 for fugacity and activity coefficients. After some sensitivity 191 analysis, it has been noticed that the convergence to a feasible solution is affected by the initial value of P bulk 192 more than the initial value of the other variables.
193
Assuming the parameters of Tables 5 and 6 , the results of the calculation for the non-ideal high pressure case 194 are reported in Table 7 . Carbon dioxide, being the most strongly adsorbed component, exhibits a higher 195 concentration in the adsorbed phase compared to the feed; an opposite trend can be seen for methane and 196 nitrogen components. The result is again validated testing the presence of the common tangent plane of the 197
Gibbs energy of mixing surface at the equilibrium (Fig. 3) . 198 199 
which, for an ideal gas adsorbed ideally, becomes: 215
The terms composing eq. (24) are: 217
Eq. (24) is a function of the pure component molar integral enthalpy of adsorption [kJ mol -1 ], which 219 neglecting the Poynting term, becomes: 220 
Assuming that the specific heats of the gases are constant in the operating range of temperatures and the 225 specific heats in adsorbed and bulk gas phase are identical After adsorption, the bed is heated up at closed volume. The significant amount of material moving from the 241 adsorbed phase to the bulk gas phase causes a pressure increase with a magnitude depending on the heating 242 temperature (Fig. 4) . 243
244
Figure 4: Evolution of the bulk gas phase pressure heating the bed at different temperature levels for The composition of the compressed stream is variable because of the changed temperatures and bulk gas 249 phase pressures. Fig. 5 highlights the change in bulk gas phase composition along with the increase in the 250 amount of gas mixture n bulk when the adsorption bed is heated. When adsorption cannot be described as ideal, ideal and non-ideal interpretations can results in significant 265 performance discrepancies. In this section a gas mixture of Carbon Dioxide/Ethylene/Ethane adsorbed on 266 zeolite 13X is considered. This gas mixture shows non-ideal behaviour in gas phase already at moderate 267 pressure and ambient temperature and non-idealities in adsorbed phase on zeolite 13X. As measured in [30 268 38], ABC equation excess model can describe correctly the equilibrium of a non-ideal adsorbed phase of 269
Carbon Dioxide/Ethylene/Ethane on zeolite 13X with the binary interaction parameters of Table 9 . The bulk 270 gas phase, especially for Ethane and Ethylene, require the specification of an equation of state for the 271 calculation of fugacity coefficient in the range of operating conditions. Accordingly SRK equation of state is 272 used to describe the thermodynamic behaviour of the bulk gas phase. 273 274 In the first operational step, the adsorption compressor is loaded at 101.325 kPa and 298 K with a 276 multicomponent gas mixture having composition (0.05, 0.15, 0.8) mole fraction. Table 10 reports the 277 distribution of the components in bulk gas phase and adsorbed phase at this initial adsorption step. The non-278 ideal approach predicts more amount of initial gas in the vessel than the ideal approach. The main difference 279 is in the carbon dioxide adsorbed. This is because both the binary interaction parameters of carbon dioxide, 280 which is the most strongly adsorbed compound, are higher in magnitude than the interaction parameters of 281 ethane/ethylene, making carbon dioxide equilibrium more sensible to the non-ideal approach. However, total 282 amount of moles in the vessel does not change significantly because carbon dioxide is present in small 283 amount in the feeding mixture. The excess part of the total adsorbed amount (eq. (20)) makes the compressor performance also dependent of 294 the excess thermodynamic potentials which are inverse functions of temperature. This results in a decrease of 295 the excess adsorbed amount with increasing temperatures. Thus, the non-ideal approach introduces a higher 296 sensitivity of equilibrium with temperature. This is illustrated in Fig. 7 , where in the non-ideal compressor 297 the release of gas from the adsorbed phase to the bulk gas phase is larger than the ideal compressor, resulting 298 eventually in higher equilibrium pressures. In Fig.8 , the change in the activity coefficients over temperature promotes increasingly higher pressures. Compositions in bulk gas phase and adsorbed phase are illustrated in Fig. 9 , where adsorbed phase 314 compositions keep essentially constant throughout the heating range, while bulk gas phase compositions 315 visibly change. Also a significant difference is observed in the adsorbed phase compositions of carbon 316 dioxide and ethane between ideal and non-ideal approach already in the adsorption step. The feature of the 317 non-ideal approach of predicting higher pressures depends also on this initial difference. gas phase amount and adsorbed amount against heating temperature in the ideal (dashed line) and non-ideal 322 (solid line) cases. 323 324 Fig. 9 shows also that in the bulk gas phase, at temperatures <320 K (<2 bar), the ideal and non-ideal 325 approaches provide the same results, while in the adsorbed phase the two approaches result in significant 326 discrepancies already at low pressure. This is due to non-idealities in the adsorbed phase. 327
Energy consumption for the two cases is depicted in Fig. 10 , where the difference in sensible energy is 328 negligible because it is dominated by the adsorption material heat capacity more than by the adsorbed 329 amount. A difference between ideal and non-ideal desorption heat can be observed already at temperatures 330 >320 K. This difference increases up to 10.5 kJ at 440 K. This results in a lower total energy consumption 331 for the non-ideal compression than ideal compression. 
